Abstract. The anti-angiogenic activity of L-asparaginase (L-ASP) and the sensitivity of ovarian cancer cell lines to L-ASP has been previously demonstrated by preclinical findings. The aim of this clinical trial was to translate those findings and evaluate the activity of polyethylene glycol-conjugated L-asparaginase (PEG-ASP or pegaspargase) in advanced ovarian cancer. Women with recurrent ovarian cancer and good end-organ function were enrolled in an open-label phase II trial of PEG-ASP at a dose of 2,000 IU/m 2 by intravenous infusion every 2 weeks. Patients were evaluated for response every 8 weeks and for toxicity on an ongoing basis. Early stopping rules for toxicity and activity were included. Four patients were enrolled and received a total of 7 treatment cycles. The study ended accrual by invoking an early stopping rule, after excessive toxicity was identified in patients. Drug-related toxicities included grade 2 pancreatitis, fatigue, neutropenia, hypoalbuminemia, weight loss, dehydration, decreased fibrinogen and 1 case of grade 3 hypersensitivity reaction during cycle 2. One patient died during the study. No patients were evaluable for response. PEG-ASP was poorly tolerated in this group of advanced-stage ovarian cancer patients and no conclusions regarding activity may be drawn. Further studies of PEG-ASP in ovarian cancer patients are not recommended.
Introduction
There is an unmet need to develop effective and novel treatment strategies for epithelial ovarian cancer (EOC), which is the leading cause of mortality due to gynecological malignancies in the United States of America (1) . The majority of patients present with advanced-stage disease (stage III/IV), for which cure is rare, with a 5-year median survival rate of <20% for stage IV patients (1) . A possible method of augmenting the therapeutic armamentarium is reassessing and repurposing previously examined agents.
Targeted molecular therapies against cancer cells and surrounding stromal cells (fibroblasts, endothelial and inflammatory cells) are being developed as the signaling pathways that drive tumor development and progression are elucidated. Stromal cells permeate the tumor microenvironment and play a critical role in cancer development, growth, invasion and metastasis (2) . EOCs induce extensive neovascularization which facilitates tumor growth and metastasis. We previously demonstrated that increased vasculature correlates with higher-grade EOC tumors and poor survival (3) . Numerous therapies have been developed to target the interactions between tumor cells and the stroma, including anti-angiogenic agents, exemplified by bevacizumab, a monoclonal antibody against vascular endothelial growth factor (VEGF) that has some single-agent phase II clinical activity in platinum-resistant EOCs (4) . However, this and other biological agents have not significantly extended the progression-free or overall survival in EOC. Therefore, there is increasing interest in therapies that exhibit antistromal as well as antitumor activity.
We hypothesized that L-asparaginase (L-ASP) may be categorized as an agent capable of targeting the tumor as well as the tumor microenvironment through its antimetabolic activity. L-ASP has been the mainstay of treatment of patients with acute lymphoblastic leukemia for >40 years (5, 6) . Treatment with L-ASP leads to depletion of circulating L-asparagine in the serum of patients. It has been argued that this depletion may cause injury to tumor cells that are not capable of synthesizing adequate amounts of this amino acid to meet the needs of rapid cell division (7, 8) . Lorenzi et al demonstrated a negative association between the frequently low asparagine synthase (ASNS) transcript and protein levels in ovarian cancer cell lines with sensitivity to L-ASP. This led us to consider L-ASP as a potential therapeutic agent to repurpose for EOC (9, 10) . Taylor et al demonstrated the efficacy of polyethylene glycol-conjugated L-asparaginase (PEG-ASP or pegaspargase) on fresh ovarian cancer tumor specimens using a human tissue clonogenic assay (11) . We recently demonstrated that L-ASP inhibits capillary-like tube formation of human microvascular endothelial cells (HMVECs) and decreases heterotypic adhesion between ovarian cancer and endothelial cells. This occurs at concentrations that exert no direct antiproliferative effect on HMVECs and limited antiproliferative effects on ovarian cancer cells (12) . These data suggest that L-ASP exhibits activity against EOC, which is independent of proliferation pathways.
PEG-ASP, which is administered intravenously (i.v.) or intramuscularly (i.m.), was developed due to the high rates of allergic reactions and the need for frequent i.m. injections with its non-conjugated form, L-ASP (13). Ho et al investigated the clinical pharmacology of PEG-ASP in 27 adults, at doses of 500-8,000 U/m 2 administered i.v. over 60 min (14) . In this early study, i.v. PEG-ASP was determined to have a half-life of 357 h (14.8 days), thus supporting the use of every-2-week treatment. A previous phase I dose-escalation study using PEG-ASP in 28 adult patients with advanced solid tumors reported no treatment-related patient mortality and only 1 case of grade 4 toxicity (allergic reaction) (11) . Our clinical trial was designed with the aim to translate preclinical findings into clinical practice and evaluate the efficacy of PEG-ASP in patients with advanced ovarian cancer.
Materials and methods
Patient selection. Patient eligibility criteria included persistent, relapsed or refractory epithelial ovarian, fallopian tube, or primary peritoneal cancer, measurable disease according to the Response Evaluation Criteria in Solid Tumors (RECIST v1.0), a minimum 4-week washout period and no limit regarding the number of previous regimens. All the patients had Eastern Cooperative Oncology Group (ECOG) performance status ≤2. Adequate end-organ function was defined as follows: absolute neutrophil count (ANC) >1500/mm 3 ; platelet count >100,000/mm 3 ; serum creatinine ≤1.5 mg̸dl, or if low, creatinine clearance ≥60 ml/min; total bilirubin ≤1.5 x upper limit of normal (ULN), unless in the case of Gilbert's syndrome; lipase and amylase ≤1.5 x ULN; aspartate aminotransferase (AST) and alanine aminotranferase (ALT) ≤2.5 x ULN; fibrinogen ≥0.75 x lower limit of normal; and prothrombin time (PT), partial thromboplastin time (PTT) and international normalized ratio (INR) ≤1.5 x ULN.
Patients were required to have recovered from any prior treatment-related toxicity to CTCAE v3.0 grade 1, except for stable peripheral neuropathy, from which they were required to have recovered to grade 2 or lower (alopecia and hypertension were exempted). Patients were excluded if there was evidence of a severe or uncontrolled concurrent condition, brain metastases, history of clinically symptomatic pancreatitis within the past 6 months, deep venous thrombosis (DVT) within the past 3 months or pulmonary embolism within the past 6 months, history of recurrent thrombosis or pulmonary embolism, requirement for ongoing full-dose anticoagulation, or prior exposure to any formulation of L-ASP. Another prerequisite was the presence of biopsiable disease or fluid collections that could be sampled for research purposes. This study was approved by the Institutional Review Board of the National Cancer Institute and all patients provided written informed consent prior to study enrollment, in compliance with institutional, state and federal regulations.
Study design and drug administration. This was a non-random ized, open-label, investigator-initiated study, aiming to assess the activity and toxicity of i.v. pegaspargase. Pegaspargase was provided by Sigma-Tau Pharmaceuticals, Inc. (Gaithersburg, MD, USA), under a Clinical Trials Agreement with the National Cancer Institute. This study was designed as a two-stage optimal design (15) in order to evaluate whether a sufficiently high proportion of patients were able to attain a 6-month progression-free interval (PFI) using pegaspargase. Patients were evaluated by history and physical examination every 2 weeks during the first cycle and at least every 4 weeks thereafter. Complete blood count (CBC) with differential and platelet count, peripheral blood PT/activated partial thromboplastin time (aPTT) and fibrinogen, amylase and lipase, metabolic panel including liver enzymes and cancer antigen 125 (CA-125) were determined with each cycle. Patients received i.v. pegaspargase of 2,000 IU/m 2 every 2 weeks, with each cycle consisting of 2 doses. Reassessment computed tomography (CT) imaging to document response was performed every 2 cycles. The drug was discontinued in the case of grade 3 allergic reaction or other drug-limiting toxicity, cancer progression, other intercurrent medical issues, or at the request of the patient. Patients who achieved a complete response were scheduled to receive a further 2 cycles. Dose modifications. Dose adjustments were made as follows: Treatment was interrupted in the case of CTCAE grade 2 or higher adverse events (AE) deemed attributable to pegaspargase. Dose was reduced to 1,500 IU/m 2 in the case of a repeat grade 2 event recovering within 3 weeks. Delay beyond 3 weeks resulted in discontinuation of the treatment. A first grade 3 or hematological grade 4 event, recovering to grade 1 within 3 weeks resulted in dose reduction to 1,500 IU/m 2 . Any non-hematological grade 4 event, clotting event (thrombosis or embolism), grade 2 or higher coagulopathy, grade 2 or higher allergic reaction and grade 3 or higher pancreatitis necessitated discontinuation of the treatment. No dose adjustments were made for grade 2 hypertension, alopecia or neuropathy or for any suboptimally managed grade 2 or 3 nausea.
Response criteria. Response was evaluated according to RECIST v1.0 (16) . The effect of pegaspargase on CA-125 production and secretion is unknown; therefore, CA-125 was not used as a measure of response.
Statistical analysis. This study was designed with a two-stage optimal design (15) to evaluate the proportion of patients attaining a 6-month PFI. A PFI that potentially improves upon the findings of the GOG 0126 series was defined as the target objective (17) . The GOG 0126 series included similar patients with platinum-resistant disease and reported an overall PFI of 16%, with a 95% confidence interval (CI) width of ±5%.
Using α= 0.10 and β= 0.10, this trial targeted 31% of patients to be progression-free at or beyond 6 months (p1= 0.31) and was designed to rule out an 11% probability of attaining a 6-month PFI (p0= 0.11), which corresponded to the lower 95% CI on the 16% rate obtained in the GOG 0126 series. Thirteen evaluable patients were to be enrolled initially, with 2 out of the 13 passing the 6-month PFI required to continue the full accrual of 30 patients.
An early stopping rule for excessive toxicity was incorporated in the study: if 2 out of the first 6 patients developed any severe AE or a clotting event attributable to the agent, no further patients would be enrolled, since the upper 90% one-sided CI bound for 2 patients with severe AEs within 6 patients is 66.7%, consistent with an excessive rate of toxicity. If at any time beyond the first 6 patients, the fraction of patients experiencing a severe AE exceeding 1/3, accrual to the trial would be halted and trial continuation reassessed.
Results

Patient characteristics and tumor response.
Four patients with high-grade serous ovarian cancer were treated (Table Ι) . All the patients had received multiple prior regimens of cytotoxic chemotherapy (median, 8) and had pelvic disease. Three patients had metastatic liver disease and 1 had metastasis in the pancreas. A total of 8 doses of medication were administered to the 4 enrolled patients. One patient received 3 doses, 2 patients received 2 doses and 1 patient received only 1 scheduled dose of PEG-ASP. No patient was able to receive the full 2-cycle treatment and on-time response reassessment. No patients exhibited clinical or radiographic evidence of disease progression during the study.
Toxicities. Trial enrollment was discontinued after 4 patients, following the early stopping rule for excessive toxicity. All toxicities grade ≥2 are listed in Table ΙΙ . One patient exhibited a grade 3 allergic reaction during administration of her third dose of pegaspargase. The patient had received premedication with 10 mg dexamethasone, 16 mg ondansetron, 25 mg diphenhydramine and 50 mg ranitidine prior to initiation of the infusion with pegaspargase. The patient reported retro-orbital pressure, pruritis and vomiting within 30 min of starting the infusion. The infusion was interrupted and she was administered 50 mg diphenhydramine, 2 mg lorazepam and 100 mg hydrocortisone. Symptoms resolved within 20 min and the infusion was restarted. Within 15 min, she reported disseminated pruritis, burning sensation in her extremities and retro-orbital pressure and was found to have new-onset tachycardia (>110 bpm). The infusion was again discontinued with prompt resolution of symptoms and the patient was not administered any more pegaspargase.
One patient exhibited persistently decreased plasma fibrinogen concentration (grade 2), necessitating study drug discontinuation. A third patient withdrew informed consent citing poor quality of life following completion of the first cycle; she experienced persistent nausea, early satiety and abdominal pain, attributed to pancreatitis (with persistent grade 2 elevated lipase and normal amylase levels). This patient had a 1.2-cm metastasis in her pancreas with no laboratory findings or clinical symptoms consistent with pancreatitis upon enrollment. It is unclear whether the pancreatitis was caused by the investigational agent, her known pancreatic disease, or a combination of the two. The fourth patient received 1 dose of pegaspargase. She was admitted on cycle 1 day 10 at her local hospital with shortness of breath and found to have worsening pleural effusions bilaterally. Pulse oximetry showed consistent desaturation to 90%. Thoracentesis was complicated by a right-sided pneumothorax requiring chest tube insertion. Subsequently, bilateral Pleurex catheters were placed with satisfactory control of her effusions and normalized oxygenation. She remained hospitalized and on The extent and frequency of AEs in our study patients (4 out of 4, including 1 mortality) was higher compared to those reported by previous studies on the use of L-ASP or pegaspargase on solid tumors. A phase I dose-escalation study of pegaspargase in 28 adult patients with advanced solid tumors reported no treatment-related patient mortality and only 1 case of grade 4 allergic reaction (11) . Three patients (11%) developed grade ≤3 allergic reactions. Grade 2 and 3 elevations of amylase and lipase occurred and were neither dose-related nor associated with symptoms. No patients developed clinical pancreatitis. Grade 1 and 2 elevations of PT and/or aPTT levels, as well as decreases in fibrinogen, were observed but not associated with clinical signs or symptoms. Two patients with advanced malignant melanoma developed lower extremity DVT in a setting of normal coagulation parameters. The side effects most consistently associated with increasing dose of pegaspargase included nausea/vomiting, fatigue/weakness and anorexia/weight loss. All patients treated with the dose used in our study (2,000 IU̸m 2 i.m. every 2 weeks) experienced some degree of fatigue or weakness. Sixty percent of patients on that trial developed nausea/vomiting, with 20% having grade 3 anorexia or weight loss. The investigators concluded that pegaspargase was generally well-tolerated in patients with advanced solid tumors and that a dosage of 2,000 IU/m 2 by i.m. injection every 2 weeks resulted in significant depletion of serum L-asparagine. It has not been elucidated whether it was our i.v. administration that led to increased toxicity.
Grade (no. of patients) ----------------------------------------------
The toxicities observed in our study were not unexpected for pegaspargase therapy. Venous thrombosis has been reported in patients with solid tumors and hematological malignancies treated with pegaspargase and L-ASP (11, 18) . Associations between anti-thrombin III deficiency and venous thromboembolism in patients treated with L-ASP have been reported (19, 20) . Anti-thrombin III levels were not measured in the patient who died during the study; however, PT and aPTT were within normal limits upon her terminal admission and no lower extremity DVTs were noted on Doppler ultrasound ~1 week prior to her death. Other significant toxicities noted in our study, such as pancreatitis, fatigue, nausea, anorexia and a grade 3 allergic reaction, were consistent with those noted in previous studies (11, 13, 14) . We would not recommend further investigation of pegaspargase in patients with advanced ovarian cancer, due to the incidence and severity of adverse effects in our study population.
